Abstract-The electrodynamical rigorous solution of Maxwell's equations related to the microwave pulse propagation inside a threedimension heart model is presented here. The boundary problem was solved by using the singular integral equations' method. The carrier microwave frequency is 2.45 GHz. The pulse durations were always equal to 20 ms. The modulating signals are triangular video pulses with the on-off time ratio equal to 5 and 100. The model heart was limited by a non-coordinate shape surface and it consisted of two different size cavities. The heart cavities were schematic images of the left and right atriums and ventricles. In our calculations the cavities were filled with blood with the permittivity ε 2 = 58 − i19 and the walls of the heart consisted of myocardium tissue with the permittivity ε 1 = 55 − i17. Microwave electric field distributions were analysed at four longitudinal cross-sections of the heart model. 
INTRODUCTION
In the last years investigations of the medical effects on the influence of microwave radiations on biological human organs have greatly increased. The main reason for the increased interest is because of the huge amount of man-made microwave fields in the environment around people. Scientific papers analyze microwave problems in diverse ways but most of them are devoted to experimental investigations only. These investigations are carried out by dosimeters and spectroscopy issues on cultured cells, isolated organs, animals and humans. The influence of microwaves on living organisms can produce positive and negative phenomena [1] [2] [3] [4] . In references [3] [4] [5] [6] [7] microwave exposure can stimulate tissue repair, regeneration, relieved stress and facilitated recovery in animals and humans.
It is important to research these phenomena which are dependent on frequencies, waveforms, amplitudes of microwaves and other parameters. The biological interaction of pulse-modulated electromagnetic fields and protection of humans from fields emitted from radars is analysed in [8] . Solution of electromagnetic scattering field problems are very actual nowadays problems [9] [10] [11] [12] [13] [14] [15] [16] .
In this present article our numerical investigations are devoted to the influence of the microwave pulses on a three-dimensional (3D) heart model, when the modulating signal is a triangular video pulse. In our previous articles [17, 18] we analyzed the scattered electric field on the 3D heart model. The heart model was illuminated by an incident vertically and horizontally polarized plane microwave from an external point source. In our articles [19] [20] [21] [22] we analyzed the microwave electric field distribution of a 3D heart model depending on the shape and location of a microwave catheter which was placed inside of the model. In [23] we presented our investigations of the microwave electric field distributions into a heart model when the modulating signal of microwaves was a rectangular video pulse.
SIE METHOD FOR MICROWAVE FIELDS ANALYSES
We formulated our electrodynamical problem like this: an antenna radiates a microwave pulse into a 3D heart model ( Fig. 1 ). The heart model has an intricate shape. An antenna is placed outside the heart model touching it. We assumed the monochromatic carrier microwave with an angular frequency ω 0 = 2πf 0 was modulated with a triangular video pulse. Mathematically we presented the monochromatic carrier microwave with a harmonic cosine function cos(ω 0 t).
We calculated for two values of the on-off time ratio T /τ .
The pulse durations τ were always equal to a constant magnitude.
Magnitudes of the pulse period T were different in our calculations.
In this article we presented the algorithm that is based on the singular integral equations (SIE) method, which allowed us to carry out numerical investigates of an electric field distribution into a 3D heart model ( Fig. 1) . The surface of the 3D heart model as well the antenna was created in the 3D Studio MAX. This tool exports the surfaces as a set of triangles with a normal vector on certain surface points. The heart model consisted of cardiac muscle regions and the right and left atriums with ventricles cavities which were filled with blood. The width a of this model was 9 cm, the length b was 13 cm, distance d = 9 cm, the thickness of the model is 8 cm. Here we assumed that the antenna was made of ideal metal and radiated a microwave pulse. We also assumed that a microwave point source was placed at the tip of the antenna. The center of the coordinate system and the microwave point source placed in the middle of the model's thickness. The coordinates of the point source are (0, 0, 9). To present the field in integral form for this electrodynamical problem we used the solution to the Maxwell's equations with electric and magnetic point sources:
The solution to Maxwell's equations is constructed as a superposition of hybrid quasi-E and quasi-H waves. In our SIE method we separated the solution of equations from satisfying the boundary conditions [24] . In the beginning we found the solution of the differential equations having a δ-function on the right side, i.e., the solution to the point source problem. Then this fundamental solution is used in the integral representation of an electromagnetic field for solving an electrodynamical problem of an arbitrarily shaped 3D body, which can be characterized by a set of the complex dielectric permittivities. The electric field representation is [24] :
(1)
Here unknown functions µ e ( r 0 ) and µ h ( r 0 ) respectively are electric and magnetic source densities at the point r 0 on the surface of the 3D heart model. The quantity n ( r 0 ) is a unit normal vector to the surface at the same point. The quantity n ( r 1 ) is a unit normal vector to the surface at the point r 1 where we determinate the fields E ( r 1 ) and H ( r 1 ). The magnitude
Hankel function of the zeroth order and the second kind and
Hankel function of the first order and the second kind. The quantity | r 1 − r 0 | is the distance from the point r 1 where we want to determinate the fields E ( r 1 ) and H ( r 1 ) to the point r 0 . The magnitude k is the wave number in free space and Z 0 = µ 0 /ε 0 is the characteristic impedance of the free space. We assumed in this article that the complex permittivities ε p = ε p − iε p and permeabilities µ p of the heart tissue and the surrounding areas are scalars, where indexes p = 1, 2, 3 represent the cardiac muscle, the blood and free space respectively. The magnitude ∇ =î
is the gradient operator. The magnitude
is the gradient of a dot product of the vector n ( r 0 ) and the vector operator ∇. The magnitude ψ 2 = n ( r 0 ) ,
| r 1 − r 0 | is a cross product of two vectors. Here we will write the boundary conditions only for electric field components on the external heart surface. The external surface S 3 divides the area into two parts described by the values ε 3 , µ 3 (for air, in the next expressions the top index is "−") and ε 1 , µ 1 (for myocardium, in the next expressions the top index is "+"). To satisfy the boundary conditions for the electric field components we equating the vector product n ( r 1 ) , E ( r 1 )
. We arrive at the integral equation for the surface densities µ + e ( r 0 ) , µ − e ( r 0 ) and µ
where magnitudes ψ 3 = n( r 0 ),
, n( r 0 )) are the scalar product of two vectors and magnitudes ψ 6 = n( r 1 ),
, n( r 0 )] are the vector product of two vectors.
Equating the vector product n ( r 1 ) , H ( r 1 )
− for the magnetic field we received a similar integral equation as (3) for the magnetic field. The vector E mw (t, r 1 ) in the equation (3) is the electric field of the microwave pulse that is radiated by an antenna (Fig. 1) . We assumed that the magnitude of this vector E mw (t, r 1 ) when the carrier microwave is modulated by triangular video pulses [25] is equal to:
where ω 1 = 2π/T , the triangular video pulse on-off time ratio is q = T /τ . The components (harmonics) of the amplitude spectrum of the periodic sequence of the triangular video pulses are equidistantly located on the axis of frequencies with the interval f 1 = 1/T . The width of the spectrum of periodic triangular video pulses is the value of the inversely proportional pulse duration F = 2/τ and does not depend on the period the pulse period T . Since the period of the pulse period T is not very large in the comparison with the pulse duration τ , then for the triangular pulses it suffices to take a quantity of the spectrum components K = 2q. These spectrum components are located in the main spectrum lobe. The shape of the triangular impulses will be good enough in this case.
The system of SIE was reduced to an algebraic system of linear equations and this system was solved numerically. Our calculations were compared to experimental and theoretical results for simple diffraction problems from different articles. These comparisons are given in [17, 18] and [24] . We believe that we can use our SIE method to study electromagnetic processes in a heart model which is under the influence some microwave pulses.
NUMERICAL RESULTS
In our calculations the frequency of the carrier microwave was f 0 = 2.45 GHz. The magnitude of the real and imaginary parts of the permittivity of the cardiac muscle is ε 1 = 55 − i17 and the blood is ε 2 = 58 − i19. Figures 2 and 3 show the distribution of the normalized electric field modulus E / E max at the longitudinal cross-section along the z coordinate axis. Here the magnitude E max is the amplitude of the microwave electric field in the center of the antenna tip and the electric field E = E 2
x + E 2 y + E 2 z . The microwave pulse that is radiated by an antenna (Fig. 1) is obtained when the monochromatic carrier microwave signal with frequency f 0 is modulated by the triangular video pulses with certain parameters τ and T.
In our calculation a video pulse is formed of spectrum components (harmonics). In all investigated cases the width of spectrum of periodic triangular video pulses is equal to F = 100 Hz. We operate in the range of frequencies f 0 ± F = (2.45 · 10 9 ± 100) Hz. So the complex permittivities of the cardiac muscle and the blood are constant at this frequency range.
In Figures 2 and 3 we see the electric field distribution when the monochromatic carrier microwave was modulated by the triangular video pulses with a different on-off time ratio T /τ , when τ = 20 ms. Figures 2 and 3 show the distributions in four heart model crosssections which are removed from the antenna tip by the distance 0.3 cm, 3 cm, 5 cm and 7 cm. As it was mentioned the source of the microwave pulses is placed in the point with the coordinate z = 9 (cm). We assume that this point is a central point when we examine curves on the graphs.
Curve with the circles shows the electric field distribution at the nearest cross section to the antenna tip. We see that the electric field amplitude is the largest in this first cross-section of the heart almost in all points. So the closer a cross-section to the antenna tip the larger usually is the amplitude of the electric field in that cross section. We see that at the points which are removed from the antenna tip the opposite dependences in distributions of the electric field amplitude can be observed.
The distribution of the normalized electric field amplitudes when a pulse period T equal to 100 ms is shown in Figure 2 . We see interference pictures of the ten spectrum components in the four heart cross-sections. Here the microwave electric field amplitude changes slightly asymmetrically to the antenna tip when the microwave pulses propagate into the heart model. It happened because the chambers of the heart model from which surfaces reflected the microwave pulse are located slightly asymmetrically with respect to the antenna tip. We see the microwave electric field distributions into the heart model cross-sections undergo some distortions.
We see that the maximum of the normalized electric field amplitudes for the curve when the distance x = 0.3 cm is a little bit shifted from the central point to the left. There are clearly expressed minimums of the normalized electric field amplitudes in the central point for curves when the distances x equal to 3 cm, 5 cm and 7 cm.
The basic tendency all curves in Figure 2 is that the strongest electric field concentrates in an area around the central point with a radius about two centimeters and in the center of this area may be a minimum. The interference extremes are expressed weakly in Figure 2 .
The distribution of the normalized electric field amplitudes when a pulse period T equal to 2 s is shown in Figure 3 . Here the on-off time ratio is T /τ = 100 and the number of spectrum components K is two hundred. The picture of the interference of two hundred spectrum components has the several sharp resonant extremums along the zaxis. We see that the largest electric field maximums for all curves are shifted to the right from the central point. There are strong enough lateral maximums closely to the main maximum.
Analysing Figures 2 and 3 we see that the distributions of the microwave electric field inside of the heart model are stipulated by the phenomena of the microwave pulse propagation inside of an inhomogeneous media which has a complicated shape. It is important to note several factors which determine the microwave pulse propagation: 1) the modulating signal which is a video pulse we describe by formula (4) as a sum of spectrum components (harmonics); 2) a number of harmonics which approximate the modulating video pulse is chosen proportional to the on-off time ratio of the pulse in order to the shape of triangular pulse would be good; 3) a number of spectrum components depends on the form of a video pulse also; 4) spectrum components of the microwave signals can reflect repeatedly from the interior and external heart model surfaces; 5) the interference of spectrum components occurs inside of the heart model; 6) the media of the heart model is the cardiac muscle and blood which are the lossy materials with complex dielectric permittivities which have large imaginary parts and therefore a microwave signal can be attenuated.
Analysing Figures 2 and 3 we see also that the penetration into lossy medium of the pulse-modulated microwave is deeper the compare with the unmodulated microwave. Penetration depths into the cardiac muscle and blood are 1.6 cm and 1.8 cm at the frequency 2.45 GHz. We see in Figures 2 and 3 that the penetration of the pulse-modulated microwave into the heart model is approximately two or three times larger in the comparison with the unmodulated microwave.
The authors of references [4] [5] [6] [7] prove that the influence of modulated microwave signals on different biological systems exists. Article [26] explains this phenomenon. In order to the modulated microwave signals would influence on a living organism it is necessary to demodulate this signal and for this reason it is necessary to use a non-liner element. But in biology the cell membrane fulfills the function of a non-linear element [26] . So the microwave pulse phenomenon makes it possible to create advanced microwave devices.
CONCLUSION
1. We used our SIE method to solve Maxwell's equations relating to the propagation of microwave pulses inside of a 3D heart model consisting of very lossy media. 2. We investigated microwave electric field distributions at several cross-sections of a 3D heart model. We found that the microwave electric field distribution depends on the on-off time ratio of modulating video pulses when their on-off time ratio magnitudes differ in twenty times. 3. We found that the amplitude of the electric field decreased in different way dependent on the direction while the microwave pulses were moving away from the antenna tip. This happened because the 3D heart model consists of different lossy materials which were described by complex dielectric permittivities and the heart boundary surfaces have intricate shape.
